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(54) CONTROL OF EMULSION POLYMERISATION PROCESS 

(71) We, POLYSAR LIMITED, a Company organised under the laws of 
Canada, of Sarnia, Ontario, Canada, do hereby declare the invention, for which we 
pray that a patent may be granted to us and the method by which it is to be per- 
formed, to be particularly described in and by the following statement : 

5 This invention relates to an improved process for the control of a polymerization 

system, especially a free radical catalyzed polymerization of, for example, butadiene 
quality 3 ^ 116 monomers m an aqueous emulsion, to yield a product of predefined 

Many polymerization processes are influenced by the presence of and the con- 
iu centration of minor amounts of impurities which may enter the process by a variety 
of means. In a number of such cases the disturbance created in the polymerization 
process causes an upset in the quality of the product of the polymerization process. 
If the polymerization process has a long hold-up time, monitoring of the quality of 
the final product may lead to the production of considerable quantities of product of 
D non-desired quality. Such processes may be exemplified by the free radical catalyzed 
polymerization of butadiene and styrene monomers in an aqueous emulsion to produce 
styrenebutadiene copolymers, the overall polymerization time in such a process being 
from about six hours up to about 18 hours. A disturbance in such a process could 
0(\ !S l ? I P r o ducUon of a considerable quantity of polymer before it was recognized 
w that the disturbance had occurred and was causing the production of polymer which 
was not of the desired quality. In the early commercial operation of this process, 
control of the final product quality was largely achieved by monitoring by time con- 
suming laboratory methods both the per cent conversion of monomers to polymer 
and the molecular weight of the polymer and by blending of polymers. Such control 
methods are not adequate for the production of polymer to meet the quality require- 
ments of today. A prior art refinement of the control means was directed to a process 
wnerein the flow rates and component concentrations, including impurities which 
could cause upsets in the process, were determined and used to manipulate the 
control of the catalyst and activator streams in order to achieve the desired monomer- 
w to-polymer conversion. This prior art process required extensive use of analytical 
tools tor the determination of the component concentrations. 

It is an objective of this invention to provide a process for the production of a 
polymer usuig a novel manner of control whereby there is produced a uniform 
quality product, said novel manner comprising maintaining essentially constant the 
n monomer conversion and the product molecular weight, both at predetermined desired 
values, through the aid of a computed mathematical simulation of the process therebv 
causing corrective control action to be taken in a shorter time than the actual 
residence time for the series of reactors, the polymerization process being exemplified 
by, but not limited to, an aqueous emulsion free radical catalvzed polymerization of 
* u butadiene and styrene. * 

In the process of this invention, the monomer-to-polymer conversion is measured, 
the polymer Mooney is determined on a periodic basis, a vistex viscosity of the 
polymer is measured and, together with the conventional process control measure^ 
[Price ?3p] 
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merits juch as flow rates of feed streams, these data are utilized in a special com- 
putational program so that the process may be controlled in a dynamic manner. The 
computer program is directed to the use of a mechanistic model based on the kinetics 
of the reactions involved and the theory of Harkins-Srnith-Ewart adapted to a con- 
tinuous polymerization process. Because the process of this invention has an unusually 5 
long residence time— i.e. from about 6 to about 12 hours—spread over a series of 
reactors the computational model must incorporate many of the previous control 
actions which could still be affecting the process. Thus a mathematical model is used 
to calculate the condition in each individual reactor of the chain, allowing for the 
interaction from one reactor to another of the results of prior control actions The 10 
model may make use of measurement of monomer-to-polymer conversion at a point 
at least one third of the way down the series of reactors so that the response of the 
system to changes in the levels of impurities in the components fed to the system 
oe readily picked up and the system corrected to compensate for such changes 
The process comprises feeding at controlled flow rates a plurality of fluid feed 15 
streams to a plurality of reactors in series, each of said fluid feed streams beine a 
major source of one of at least one polymerizable monomer, water, soap solution, 
catalyst, activator, modifier and polymerization stopping agent, said feeding of fluid 
feed streams being to at least the first reactor of a plurality of reactors in series 
each reactor being equipped with stirring means and temperature regulating means, 20 
and recovering a polymer of predetermined qualities. The polymer is recovered in 
suitable form, including as a solid dry rubber and as a latex containing a high level 
of polymer solids Incorporated into the process layout are means for determining 
the conversion of the polymerizable monomers to polymer and means for detenriining 
a molecular weight of the polymer. Signals are generated responsive to the measure- 25 
meats made, as herembelow defined, and are transmitted on a periodic basis to a 
computing means. 

Figure 1 is a schematic drawing of a feed control system for a free radical 
catalyzed emulsion polymerization process. 

Figure 2 is a schematic drawing of a polymerization means for a free radical 30 
catalyzed emulsion polymerization process. 

Figure 3 is a diagrammatic layout of an automated vistex viscometer which may 
sc °Pf of a polymerization process, to determine a molecular 
weight of the polymer produced in the process. 

d^ff^JZ Fi ®?e}> sto f*^ is Provided in drum 11 for butadiene- 1,3, in 35 
drum 12 for styrene, in drum 13 for modifier, in drum 14 for water, in drum 15 
for emulsifier solution in drum 16 for activator, in drum 17 for catalyst and in drum 
21 ^s^Th^r^ Butad ^> 3 > withdrawn from drum 11 through ^ 
40 Si ttroughflow measuring device 31 to flow control valve 41 and into 

lme 61. Flow recorder controller 51 is preset to the required flow rate, 7 signal 
responsive to the required flow rate being transmitted to flow control valve 4V a 
signal responsive to the actual flow measured by flow measuring device 31 is trans- 
mitted to flow recorder controller 51 which, in response to Ve received siSS 

deseed flow rate. A signal responsive to the flow rate is transmitted by flow recorder 
Se^hlJw% CTmPl f D l mCan , S 501 - S '^y> styrene is transferred^ mSed 
and^nw^l ? ow / ate f^m, drum 12 through line 22, flow measuring device32 
and flow control valve 42 to line 61, where it is blended with butadiene MoSfier 
from drum 13 is fed through line 23 to metering pump 33 wMch coSs The 

°JJ°Z. mt °^ d Water fram *™ 14 is £s£d via ZT24 ^ougn 

flow measuring device 34 to flow control valve 44 said i T^in/ JT^lT . 

t^^J^ 15 t ? r0Ugh Une 25 to flow measuring deWce35 to flow ™i 

IZ^ J T- m F spoDX t0 from flow recorder cont^ltr 55 foS 

fee 26 W th^ " h 1S fl a<Wd ^ *S Wattr " Activator fr ° m drum 16 faZ^ trough 
toe 26 through flow measuring device 36 and flow control valve 46 saiTflow 

XL^r^f\ B n ieS l° nSive t0 fmm flow recorder controUer 56 and 

"re^ 

The butadiene-styrene-modifier mixture in line 61 is admiv^ ^hh i-t,» 
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temperature measuring device 72; a signal responsive to said temperature is trans- 
mt ?i- J 0 , tem P er ^re recorder controller 74 wherein it is compared with a pre- 
established set point and if the temperature measured is different from the set point 
a signal is transmitted from the temperature recorder controller to the flow control 
valve 73 whereby the flow of refrigerant supplied to heat exchanger 71 is controlled 
SJ? r ^V° ^hieve the pre-established temperature. Activator from line 66 and 
catalyst from line 67 are then mixed with the cooled feed stream in line 79 and 
the whole is passed into the first reactor 101. 

^^i^^r^f^f^cc res P°? sive to *e flow rates as recorded in flow recorder 
controllers 51, 52, 54, 55 and 56 and sign-Is are generated responsive to the flow 
l^ S J C l Y mete 5 n | P^P 5 33, 37 and 38. A signal is generated responsive to the 
temperature recorded by temperature recorder controller 74. These signals are trans- 
0I L 3 pc ^ c ? a ? s to computing means 501. Similarly, computing means 
501 may transmit signals for the establishment of new set points in said flow recorder 
controllers, metering pumps and temperature recorder controller 

nrncZl^? ST?T S * 3 schematic . kymit of a polymerization means for this 
process. The cooled feed stream in line 79 is fed into reafctor 101. Reactor 101 

lO^lT* rZ* 1***** } 02 > ™*» 104, temperature measuring means 

a ^l a tem Perature recorder controller 108. A signal responsive to the tempera- 

^rnlwTn^^- 111 ^^ 1115 meanS 106 is transmitted to temperature recorder 
controller 108 wherein it is compared with a pre-established set point. If the tem- 

f^^^E"**? 1 ^- Cnt I'™ ^ ** P °' mt > recorder controlEr 

• a l lgn ^ ca, ? ng , settin - of flow contrt>1 valve 109 to be altered 
£S y S USing fl ° W ° f refri g erant *> codling means 104 to be altered so af Z 
achieve the set point temperature. The effluent from reactor 101, which contains 
unreacted components of the original feed stream plus polymer formed dur^ Se 
residence in the reactor, passes through line 110 into the second reactor 111 Each 
reactor in the chain is essentially similar to each other reactor. The chain shown in 
figure 2 comprises m addition to reactor 101, reactors 111, 121, 131, 151 161 171 
and 181 each reactor being equipped with an agitator 112, 122, 132, 152, 162,' 172 
1R* -nrf Z a ^P^. 1 ? nieasuring means 116, 126, 136, 156, 166, 176 and 
186, and being equipped with coohng means 114, 124, 134, 154, 164, 174 and 184 
SSS! Vr^T^V 0 ^ ^P^^res ™ determined by the temperature measuring 
means are tnmsrmtted I to temperature recorder controllers, respectively 118, 128, 138, 
i i ?i 1 n 17 ?,5 nd i88j Which re S ulate the flow of refrigerant through flow control 
valves 119, 129 139, 159, 169, 179 and 189. The effluent from lach reaaor is 
180 J? r ^ bse( 5 uent ^ctor * the chain by lines 120, 130, 160, 170 and 
hf, mSn. ?L 3? r ? Ct °Ll 31 is paSSed 140 to conversion measur- 

S g ,^l f ^ by ^ 144 *> reactor 151. Line 146 is a means for removal 
l S 2 I s , for purposes mcluding solids determination and measurement of 

the molecular weight of the polymer in line 144. Although eight reactors have been 
shown to compose the chain, this is for illustrative purposes Sly and is not tTbc 
construed as a limitation on the invention 

mca^^T^T To?° r W P ^ Vk ^ 190 to a conversion measuring 
means 192 and by hne 194 to blow down tank 201. Line 196 is for removal of 
samples Blow down tank 201 is equipped with an agitator 202, a vlnt^e 204 

Shortstop is stored in drum 220 and is passed through line 222 through flow 
rneasurmg device 224 to flow control valve 226 and thence by line 230 to blow 
down tank 201. The flow rate of shortstop, as measured by flow measurL devS 
Jailer -° * res P™ signal and transmitted to flow reader co^ 

troUer 228 wherein it is compared with the pre-established set point and if a difference 
exists, flow recorder controller 228 transmits a signal to flow control vXe 226 
whereby the setting of said flow control valve is changed in enter to rStorllhe flow 
rate to the pre-established set point. ™ C ttow 

a A* i ncrement ^PP 1 ? of modifier is introduced through line 68 into line 130 
and thereby enters the polymerizing mixture. The points of addition of ^inSement 

w^nwT^ a - n POiDt * * e effluent of 3 ««« at least on^ thiS oTthe 
o7?do?on SeneS ° f a ** m * ^ 311(1 may COnstitutc ^ one 

A location of the conversion measuring means may be in the effluent stream 
of a reactor at_ least one third of the way down the series of reactors fSher c^ 
version measuring means being in the effluent stream of the terminal reaX inX 
series of reactors. The conversion measuring means determines the concen^Jon 
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of polymer in the fluid stream at the point of measurement. Suitable means include, 
for example, the Model 506 Analicon Density Gauge manufactured by Nuclear- 
Chicago Corporation, 333 East Howard Avenue, Des PJaines, Illinois, in which a 
beam of gamma radiation is transmitted across a cell within the pipe in which the 
5 fluid stream is flowing and the amount of original radiation detected on the opposite 

side of the cell is determined. The amount of radiation which is determined (i e the 
non-absorbed radiation) is inversely proportional to the density of the fluid stream 
m the cell, the density being directly proportional to the solids content of the fluid 
stream, i.e. the monomer to polymer conversion. It is preferred to maintain essentially 
iu constant the temperature of the fluid stream passing through the cell. 

Signals are generated responsive to the temperatures recorded in temperature 
recorder controllers 108, 118, 128, 138, 158, 168, 178 and 188, such signal being 
transmitted to computing means 501. Computing means 501 may also transmit signals 
in order to establish new set points in said temperature recorder controllers Signals 
are generated responsive to the monomer-to-polymer conversion as deterrnined bv 
conversion measuring means 142 and 192 and are transmitted to computing means 
501 Additional inputs to computing means 501 may be entered manually? as the 
result of external measurements such as Mooney measurement data and laboratory 
determined solids content of the aqueous streams. 

Figure 3 illustrates an automated viscometer that may be used in the process 20 
of the invention to provide rapid results on a vistex viscosity measurement of polymer 
molecular weight. Figure 3(a) illustrates how such a viscometer may be incorporated 
into the process layout Line 300 is a pipe carrying the effluent from one of the 
reactors of the chain of reactors of Figure 2. A by-pass or loop line 302 carries 
a small proportion of the total stream flowing through line 300. In the by-pass 25 
hne 302 is a Y-strainer_ 304 which serves to remove any particulate material which 
might inadvertently be in the line. The fluid stream passing through line 302 then 
passes through a sample valve 306, a back pressure valve 308 and thence by line 
310 1 bade into the mam fluid stream in line 300. This arrangement permits the 
continual flow of the fluid m hne 300 through the by-pass, thereby ensuring that 30 

^ « m ^P 1 * VaIve 306 is ^ representative of the fluid hx line 

300. The fluid flowing in line 300 is always maintained at a temperature different 
from the ambient temperature: a thermometer 312 is incorporated into line 310 
and serves to demonstrate the presence of the fluid in the line. Figure 3(b) illustrates 
a cjoss-section taken through sample valve 306. The sample 4lve comprises an 35 
outer retainer 320 with a movable slide piece 324 having a circular aperture of 
,£^1 7 V ° Iun Vr 6k ^ A . hy the a P ert ^ diameter and movable slide piece 

thickness. The by-pass hne 302 is connected to the outer retainer and the movable 
slide piece, as shown, allows the flow of fluid through the valve. Line 322 is also 
connected to the outer retainer and connects the valve to a source of solvent for 
he polymer, men movable slide piece 324 is moved, by applymg ai> pressSe 
through valve 334 to line 336 and allowing air to vent hJLfrl^2S *rt^ 
3.6, it isolates the fluid contained in the circular aperture therein and moves it into 

f^^TZ lth '^ I 22 ^ hCreby »" flushed ™* through hne 

III™ \ X ai « ?1 ^ C MlTO1 5 ^PPlfed- Thus an accurately known and constant 
volume of the fluid is removed and transferred to the viscometer. The movable 
slide piece ls then returned to the position shown in the figure by applying air 
KHS^I^ t0 nC 328 and aUowin S * t0 ™ l throughtoe 336 

50 1° J^B™ 3 ( c > ^ sample valve 306 is shown with the lines 302 

UJR C ?. nne ?, e f th 5 reto 1 - gainer 358 is a solvent storage vessel which is con- 
nected by hne 354 and valve 356 to line 322. Also attached to line 322 is a pirScte 
350 of accurately known volume. Pipette 350 is filled by opening valve 356 when 

55 vesTef b^Z? «f Tf ^ ^ ^ ^L^ g back to the stc^S 

55 vessel by Ime 352. Subsequent operation of sample valve 306 isolates the fluid ^ 
contained within movable slide piece 324, and thereby obtains a^rnple of accuracy 55 
known volume, and puts the sample in connection with line 322 and the known 
volume of solvent m pipette 350 flushes the sample into mixing vessel 3 70, w£ch 

60 SSrjFi a ^f- tmg m - CanS The and solvent are stained in the rS 

60 vessel while being agitated for a sufficient time to permit the polymer ofthf 60 

sample to be essentially totally dissolved in the solvent. Opening of valvTs 76 allows 
the polymer solution to flow through line 374 through a heat transfer coU 3 78 
TvZ t*^ ir Cr , fr ° m , th - e ™ eter at a constant temperature Opening 
<w 5qn S $ * C SOlutl0n t0 fl0W ^ ^ter 386 into thrbulb 

65 390 of a capillary viscometer, said viscometer being suspended in a constant tern- 65 
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perature bath 392. The viscometer may be of any type suitable for measurement by 
flow through a capillary of a vistex viscosity of a polymer and is illustrated by an 
Ubbelohde viscometer. The viscometer is a combination of a length of capillary 
tube 400 maintained in an essentially vertical position having two bulbs attached 
thereto and a length of wide bore tubing 402, the capillary tube being the essential 
component for the measurement of said vistex viscosity. Built into the capillary 
tubing, being vertically spatially separated and located one above and one below 
the lowest of the bulbs attached to the capillary, are liquid level detectors 394 and 
396 such that they act as references for the detection of the time when the 
polymer solution has just passed each of the two reference points and thereby defining 
a predetermined volume in the capillary tube. Said liquid level detectors are con^ 
nected to an electronic timing device 471 capable of measuring time with an 
accuracy of 0.01 seconds, whereby a flow time may be measured from level detector 
394 to level detector 396 for the flow of the polymer solution through the capillary 
15 of the viscometer, said flow of polymer solution being at constant pressure. In 15 

order that pure solvent may be brought into the viscometer, for cleaning purposes 
and for deterrnination of the flow time of pure solvent through the capillary, line 381 
connects the solvent storage vessel 358 with the entry to the viscometer through 
valve 383. Line 408 connects the capillary tube 400 to a source of vacuum through 
20 valve 414, to a source of air pressure through valve 412 and to a waste discharge 
line and atmospheric connection through valve 410. The wide bore tubing 402 of 
the viscometer is connected by line 404 and valve 406 to a waste discharge line 
and atmospheric connection. Line 382 into the viscometer is connected by valve 384 
S J^ Ce ¥ vacuura - Operation of valves, 356, 326, 334, 376, 380, 383, 384, 406, 
25 410, 412 and 414 is controlled by a controller 451, such as a step-by-step relay or card 25 
program control unit, whereby each stage of the operation is sequentially controlled 
by operation of the valves in the necessary order. The start of such a sequence of 
operations or cycle would suitably be the removal of a sample of the fluid in line 302 
by movement of movable slide piece 324 through the operation of valves 326 and 
30 334 to vent and to air pressure respectively. The solvent in pipette 350 flushes the *n 
sarnie into mixing vessel 370 from which, after a suitable time of mixing of say five 
minutes, valve 376 opens to allow the polymer solution to pass through heat 
exchanger 378. With valves 383 and 384 closed, opening of valve 380 transfers 
the polymer solution into the viscometer 390 following which valve 380 is again 
35 closed. With valves 406, 412 and 410 closed, opening of valve 414 causes the ^ 
polymer solution to rise up tube 402 and capillary 400, valve 414 being closed 
when the solution passes detector 394. Opening of valves 406 and 410 allows the 
solution in capillary 402 to flow down the capillary under atmospheric pressure, 
toe flow time between the two level detectors being measured by timing device 471 
40 This tuning cycle is repeated at least once more and the polymer solution is then 
flushed out of the viscometer, by closing of valves 406, 410, 414, 380 and 383 
2oT °ff ! ? m ^ 7? Ive 412 allowing air pressure to force the solution out of open^alve 
384. Valv<* 412 and 384 are closed, valves 406 and 410 opened and pure solvent 
enters the viscometer through valve 383. The solvent is flushed out of the viscometer 
45 in the same manner as the polymer solution and the solvent flushing repeated a 
second time. Solvent is again allowed into the viscometer and the flow time measured 
in duplicate, for the flow of pure solvent between the two level detectors. Removal 
ot the solvent from the viscometer would complete the use cycle. 

Signals representative of the vistex or solution flow times and the solvent flow 
rn^s^01 generated by eIectronic timin Z device 471 2 nd transmitted to computing 50 

* i- Sui iS e ^cation of sampling valve 306 may be, in Figure 2, in line 140 and 
m line 190, wherein the conversion of monomers to polymer are accurately known 
and thereby the polymer concentration in the solution used for viscosity measurement 
55 would also be accurately known. 

In order to describe mathematically the polymerization process, it is necessarv 
to understand all the components which make up the process. Soap solutions form 
micelles or particulate- behaving entities; when organic materials are present in the 
soap ^ solution, some of the organic materials will diffuse into the micelles The 
remaining organic materials will form droplets dispersed throughout tie system^ The 60 
organic materials referred to include the polymerizable monomers and chain transfer 
£ A Frc f rad - lcaI ? formed in the aqueous phase are captured in the micelles and 
initiate polymerization therein. The initial stages of the polymerization occur in the 
T^llZ StagC ? etermined b y * e am °™t of soap present, polymer particles 

separate out. These polymer particles also contain dissolved monomer, Catalyst 
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modifier and soap and, depending on the monomer types, may be swollen because 
of the solubility of the polymer in the monomer. Polymerization continues in these 
polymer particles which are supplied by diffusion of the molecules throughout the 
aqueous phase with additional monomers and transfer agent from the droplets dis- 
persed throughout the system. The polymerization is thus zero order in monomer 
When all the dispersed droplets have been used up, the polymerization reaction then 
becomes dependent on the concentration of the monomers present, and not replaced 
in the poller particles, thus becoming first order in monomer due to the fact that 
tie only ayai able monomer is that present in the polymer particles. Temiination 
oftonoii^ achieved by the addition of a shortstop, such as hydr™on£ 

^yter^Sns^ 7 ^ ^ fr0m ^ ***** ^ 

The polymerization process encompassed by the scope of this invention mav be 
exemplified by the polymerization of a monovinylidene compound and a Tene 
Examples of such monovinylidene compounds include styrene, alphamethyl st^ne! 
acrylcmtnle, methacrylonitrile, methyl acrylate and methyl methacrylate The dSS 
^? h ^ d by butadiene and isoprene. A preferred eTte «fS 
process of this invention is the polymerization of butadiene and styrene 
butadiene-styrene polymerization process may be summarized by the foUowin s state! 
meats. The number of latex particles is essentially constant Llowing t^nSr 
together of the water, the hydrocarbon and the soap* components ttaSI causSTSf 
formation of the xnitial latex particles, the number of latex particles deperTding^fa 
fixed monomer concentration, on, inter alia, the concentration of the^oTin the 

Sn^f phase and de P end i n £° n ^ of soa P used - T ^ number of k eTpartckl 
depends on the number of free radicals or initiating species present. L Z S 
on the concentration of the initiator, because the mteraction^f tSe ScritecS' 
tration and the free radical concentration can be described by the iSdSor concS- 
traaon at a fixed soap concentration. Each latex particle, once formed, pZS 
30 ™ \ C dependent ™£y 011 the polymerization temperature (as it affects 

30 pagauon rate) up to about 50-60% conversion of the monomers. Hence the £lt 30 

merizauon is a zero order reaction. At a later stage in the polymerization J 5w 
about 50-60% conversion, when all the free monomer dc^S^b^S^ 
and no longer are available as sources of monomer, the reaction become fim order 
£r£™ r b&=aUSC ° nIy m ° n0mer avaHabIe is *" P««t £ the ^fa 
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^ j^^fccal representation of a continuous polymerization process is 

exemplified by the foregoing _ characteristics of butadiene-styrSe Seriz^n A 
first portion of the representation of the process reads on the conver^oHf monomers 
to polymer which is affected by the activator plus catalyst and a second portion ot 
the representation reads on the molecular weieht of the nZn^r fnZ/T? • 
affected by the rate at which the polymerizado3fi er £ coSsuSed Wd " 40 

Iff an operation of the process of this invention, as it applies to the free radical 
catalyzed emulsion polymerization of butadiene and styrene monomers flow raSfSr 
butadiene styrene, water, soap solution, initial modifier, aS £Lte?£d 

m v ^ ^ ? P^^lished rates. The temperature conttoUers Tor 4* 

*f fe f d K1 ^ oh ?g me 1 ans ^ d ^r each cooling means of each of the reacSrfrcset " 
?^t b ^ She A l leV ^ Sj fl ° W of rrf ri^t to the cooling means^ thereby Sine 
established. After the process has been running for a period of rime rht £L ^ S 
shown by the process control instruments are franLnitS^ me^mp^nW meS T 

Uonal layout of the chain of reactors, including reactor volume Doint of £?ISfn 

^^r^ntiS? ^ l0cfti ° n ° f C °" S --surLgme^ 55 
thf 4™ ?■ tra^'tted » the computing means. Signals are transmitted to 

u^Uc? rT^^^ 6 . 0 * the tem P«"ure (temperature re" con- 

troUcr 74) of the feed stream, of the feed cooling means and of the temrcratures 

?58 17 8 ° n ^d tS 1 R^ eaC V ea ? t0r C*"!*"""* ™orilr controllers 108, llHSTS? 
.J \ t — 8 V ^P 0 " 1 ' temperatures are transmitted to the computer uiuallv «n 
at the beginning of ^ ^ Xhe , aKst moS wS 60 

m ^ Produced by the process, including at least one of aWsS vi£osi£ as 
determined m solution and a Mooney viscosity as determined on a XTneTmacWne 
are transmitted to the computing means, either as a calculated result or as . * maSS 
65 input: the rubber samples for such measurements are obtained at least Cm the 65 
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effluent of the terminal reactor of the chain (line 194 or sample point 196) and 
optionally from a sample line (line 144 or sample point 146) at a point within the 
series of reactors. Monomer to polymer conversion data, including results from the 
conversion measuring means 142 and 192 and optionally, externally determined 
polymeric solids determination, for at least the effluent of the terminal reactor of 
the series of reactors and optionally for the effluent of a reactor at least one third 
of the way down the series of reactors are transmitted to the computing mean^f 
either as s.gnals representative of the conversion measured by the conversion measur- 
ing means or as manual inputs representative of externally deterrmneTresuirData 
on the purity of the butadiene and styrene feed streams/determined on Tperiod c 
means y ^ ™ eMCred 25 ™> fa P uts to th " compu?uig 



state of ftTS^. «°™>«nd » to do the computer calculates a best estimate of the 
vT™ t ^J,\ ?T* USmg Ttf* ° l ^ ese "P 1 " 5 m Pre-estabhshed kinetic equations 
Y*? S „ the t total flow of ? l materials fed to the reactor chain and the volunu of 
' Z * , F Ct °- m computer establishes a residence time for tieTolv- 

mermng mixture in the chain and in each reactor in the chain. Using the mea?ur£ 

SSS-SS*^ t0 W -° r tem P erature ° f *e contents of each reaafr andT^w 
caloJated residence Ome for the polymerizing mixture in each reactor, tS computed 
calculates an expected reaction rate and establishes a calculated raie of disL^eaXc^ 

SreS to^ffifS eqUati ° n? f ° r reaCt ° r " ^ ^ one Won beml 
directed to establishing the conversion of monomers to polymer, one eauarion hfW 

rt^f *? ? C me ° f ^fP™* of activator and camlys? one TquS c^verml 
?5J3f ? f ^PP^^ ^ modifier and one equation bdi dinaedTS.uK 
t£f^ ar W ? ghC f ° r ^ p0lymer fonned - The computer calculation al^^taSef 
what the steady state condition of the system would be if and when a stetdv state 
is aclueved. The computer then compares its best estimate, as above, of the cation 

svst™ PreS ^ dy ? pUtted data oa ** act ^ 1 P re «* conation of tie 

system such as tie conversion of monomers to polymer and the molecular weiaht 
of the polymer. The comparison shows whether a£ upset in the system Sfocc^rld 
Such an upset could be due to the presence of mterfcrmg LChTes in tlSTeed 
streams, due to the presence of an oxidant, for example ox^lenTKIystenTor due 
° t^ft"" 1 P"Wem Jn the system. The computer comfarfcou wfll deSnune if 
or duf to ml CU ? edj W ^ SI **»?P** * due to conversion related ploce^riablel 

correcSve^So^K,^ compute ?. should . n «t make incorrect recommendations for 
?omL~ Z I' 7*T com P uta «onal cycle is an estimating filter which acte to 

m^mmm 

a sei£ ^rn^V C ? Dtrol ° f prOCCSSj ^ com P"ter is programmed to undertake 

2MT5S £ 3SS* vSuF™ ** 5 — - ~ 
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catalyst 'and modifier in order to cause the production of polymer of predetermined 
qualities as represented by a predetermined desired state of the process. 

The consumption of catalyst plus activator at any point in the process may be 
described by a variable £ in the form of a differential equation 

ViPi df, 



K 3 dt 

where 



= F (i) 



& = (catalystj) r (activator^ (i a ) 

Vj is the volume of the jth reactor, 
Pi is the density of the latex in the jth reactor, 
10 F is the total flow rate for monomers into the reactors, io 

(catalystj) is the flow rate of catalyst into the jth reactor, 
(activatorj) is the flow rate of activator into the jth reactor, 
$ i describes the activator and catalyst in the jth reactor, 
Kj, r and s are empirical constants, and 
!5 is a statistical parameter adjusted to fit the equation to describe the process 15 

and is discussed hereinbelow. 
The conversion of monomers, for example styrene and butadiene, to polymer 
and the effect of catalyst and activator on the conversion is described and controlled 
to achieve the predetenriined conversion by the equation 

Vj Pi d Xj Vj Ps 

20 — — . =F(X,. 1 -X i )+ .(XR), (H) - 20 

K-i dt K 2 

where the instantaneous reaction rate in the jth reactor (XR), is given by 

(XR^fieC-AH/RTj) (iia) - 

when the reaction is zero order, e.g. when X<XB and is given by 



(M0.j = 4 j e(- AH/RTj) 



J lib) 



25 when the reaction is first order in monomer, i.e. when X>XB; 
where 



30 mer 



X is the fractional conversion of monomers to polymer, 

is the fractional conversion of monomers to polymer in the jth reactor 
X B is the fractional conversion where the reaction becomes first order in mono- 



25 



30 



(XR)j is the polymerization rate in the jth reactor, 
AH is the activation energy of propagation, 
Tj is the temperature in the jth reactor, and 
K a and K 2 are empirical constants. 
35 In equation (ii), the left hand side describes the rate of accumulation or loss of 35 

polymer due to a change in the conversion of monomer to polymer in the jth reactor. 
The right hand side of the equation defines the net generation of polymer in the jth 
reactor with due allowance for flow of polymer into and out of the jth reactor The 
*n ^ P n U H- er 15 V m & an ¥ ncd *> either the zeroth or the first order rate equation 

r„ ^^. g -° n fi- P^f 10 ™* 1 conversion limit (X B ), the conversion in each reactor 40 

Vv, \ g ^ d compared with X B in order that the computer may 

select the rate equation to use for the conversion calculation in the next reactor The 

^°if e term \° f eqUati -° n <?> depend ° n the variabIe ^ ™ ^is way the "com- 
puter assesses whether to raise lower or leave unchanged the activator plus catalyst in 

m Jl ' ^ g P ?° C T m ^ ^ the Predetermined conversion aiming point by 45 
SSKSSf ™ 1 A atBd C ° nve ^ 10n with ^ measured conversion. In an aLal com- 
putational cycle, the computer is programmed to test that the model is a valid 
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representation of the process by an estimating computation, which is outlined herein- 

be JwSSf IrT^* WherCby COnt i 01 0f conve «ion of monomers to polymer may 
utiSS T$ ? necessary to have a method for the control of the moleculir 
m the ™^fi, P ^ ThC J" 515 ? 1 " molecular ^ight is controlled by chau? transfer 

v Jft dS, v 

__.__ =F [si _ 1+(SF}J - si] ____. Kasi 

where 

^ e concentr ation of modifier in the jth reactor 

S ' ™J? ? 0dlfier ad ^ d , (Le * "cranental modifier) to the jth reactor, 
K c and K r are empirical constants and, J 
Ks is a constant defined by the chemical nature of the modifier 



at 



where 

M rLt^ ■' fa00 * 7 ' 3 ^ " Scosi ^ ° f Poller in the jth 

M m is the molecular weight of the modifier, 
K* and K 3 are empirical constants, 

^ tSiTJ^ t0 fit Ae to ** -d is discussed 

«is the empirical Mark-Houwink constant 
equatSf M °° n ^ i$ ^ t0 * tri ^ viscosity and conversion by the 

Mooney= A + B . . , . 

X4-C W 

control the molecular weight of the nolvrner rfL v!? • 1 T e com P ut ations to 

Afooney back to t£ dSSTpMf^^ tnlt^^/ 0 *5 f r ° duCt 

are not at the desired aiming points th^ co^^T «^ i > con ? e ™°* and Mooney 
in activator and catalystl? re«o^ ,L ™ .! - calculate the necessary changes 
necessary change toftS^^Sffi^o^ri^T t0 , the , level and me 
level, the bu^aio^^^^^^^P" 1 ^ to the desired 

calculation of the change m in^enl^odifilr ^ mc °*P°™** **> the 

^y^ZLtlt^^^^™™ «™ «* 'act that 
effect of changes on product auSi£ Z * f/T ™- 3t 3ny ^ m Ae 
example, the molecSL? weight ttZ far fro^L^- ^ * a™**- « for 
increment modifier can be added lot ^ sbon Z ^ T g P ° mt '. a grcat excess of 
drive the moIecuUr weight to ^T^L^T^Z S^ffl 
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modifier addition rate, at a time calculated to he slightly before when the process 
is achieving the aiming point. By such means, in combination with calculations as 
the process responds to the change in increment modifier, it is possible to correct the 
process without overshooting the aiming point. 

The parameters K c and K v are utilized to achieve a fit of the mathematical 
models to the actual plant process. This is done through a filter-estimating com- 
putational cycle. The filter-estimating cycle performs two functions. One such func- 
tion is to screen the incoming data or inputs based on the data reliability or established 
standard deviations associated with each test result. The second function is to calculate, 
on the basis of assumed random disturbances in the process and assumed dynamic 
behavior of the process as defined by the process differential equations, a minimum 
variance estimate of the present state of the process. The computer utilizes (i) the 
previous best estimate of the state of the process and the parameters K c and K Cii) 
certain of the immediate past history of the process behaviour and (iii) any process 
changes, including changes in incremental modifier, catalyst and activator, that have 
been made to the process and by calculations involving the integration of the differ- 
ential equations forming the process model determines an updated estimate of the 
state of the process. Newly obtained inputs of process measurements are compared 
with the updated estimate. This comparison includes allowance for previously estab- 
20 hshed standard deviations for the process measurements. If a significant difference is 

found between the updated estimate and the newly obtained inputs, an iterative com- 
putanonal cycle is used by the computer to adjust the parameters Kc and K v so as to 
rationalize the process model to the measured process state. By this means random 
process disturbances are accounted for and incorporated into the new model of the 
25 process and only after this has been achieved does the computer calculate if any 25 

process control action is needed. * 
Data from the process control equipment can be transmitted to the computing 
^l!I f^ d f^ncy. Data from the conversion measuring means may als! 
be transmitted to the computing means at any desired frequency. Additional data' on 
30 conversion, obtained by laboratory determined polymer content of the latex at 

specific sampling points, may be manually entered into the computing means on a 
I 1StCX vlsc ? slt y as from the automated viscometer, may be 

transmitted to the computing means at a rate determined by the time cycle for 
*5 ^T ement i m the . viscomete /- Mooney measurement data on product obtained at 
35 specific sampling points may be transmitted to the computing means at a frequency 

T FtF** 7 *? P™*°* and Mooney measurement 

The frequency at which Mooney data is transmitted to the computing means is 
usually rather ow compared to the frequency at which the other dL ate TvaUable 
to the computing means. The advantage due to incorporating an automated ^Sco! 
40 meter for the determination of the vistex viscosity, With a short tim? cycllf Tr 

sampling and measurement, and due to the rapid calculation of the state of the 
process, can clearly be seen in reference to maintaining the process at the pre- 
determined aiming points for the majority of the operating time. P 

WHAT WE CLAIM IS: — 
45 of a Lt^i™ £ r ° yed con } inuou f emulsion polymerization process for the production 

r£?JES J mg P rcdetermmed 9 ualiti « comprising an average molecular weight 
and conversion of monomer to polymer, said process comprising ■ S 

r^JS % g i at 1 contr ? Ued fl ow rates a plurality of fluid feed streams to a first 

*o SSSLhf rn „ P i Ur f 7 ° f reaCt ° rS K Sedes ' ™ ch reactor being maintained at an 

50 essentially constant temperature, each of said fluid feed streSms beine a maior 

pol^& g n^o« miXtUre f0tmed by S3id fluId StreamS » said — » 

th~ in dete T 1 ™g * e Process a vistex viscosity for polymer obtained frnm 

the effluent of at least the terminal reactor of the series of reactor™ stained from 

(n) generating a plurality of first signals, each of said firs't signals being repre- 
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sentative of the flow rate of a respective one of said plurality of fluid feed streams or 
oi the temperature in a respective one of said reactors; 

(Hi) generating a pluVality of second signals, each of said second signals being 
representative of said measurement of fluid density; 
5 (iv) generating third signals, each third signal being representative of the 

measurement of a vistex viscosity; 

<v) generating fourth signals, each fourth signal being representative of the 
rfl^ °k * dr A San l ple ° f P ° IymCr of said Polymerizable monomer? said 

10 £Ln ? M g - ° b by drymg 3 SampIe of Ae effluent of aI the terrninal 

lu reactor of said series of reactors; 

comp ( u2 1 g Ca S ; traIISniiSSi0n ° f 5a!d fKSt ' E£C ° nd ' d " rd and fourth a 
(vii) operating said computing means to undertake computational cycles com- 
nng P red,cted , valu <*> ba?=d on previous signals, of the polymer queries 
composing an average molecular weight and conversion of monomer to polymer 

by m ? DS ° f - Said predicted ralues of 9 ualiti « and presenTvSu™^ 
sented by presently received signals a best estimate of the present state o7 Se 

S'trr™^^ ? 0av T iOa ° f ra J 0n0nlCr to P 01 ^ ^erage mofccuS 
e^™«^3^ SenCS ° f ^ a ?° re ' deteIminin g *e difference betwfen said best 
^ZT sl^ P?^ 1 *^ of <?* Process and a predetermined desired state of Uk 
P ^ S '« determmng whether ^ difference exceeds a predetermined level whe£ 
said difference exceeds said predetermined level causing said computing^neans to 

the production of polymer of predetermined qualities- w 
t^^J^T^ 8, ""I ^transmission/ to means for controlling the flow 

^raLffnd repreSentatIVe ° f Sa,d nw fl(w ratts > hereby establishing 5 said new 
(ix) repeating said steps (vii) and (viii) on a periodic basis 
30 oom^^K^ ^ 1 WhereiD P ° lymer * 3 P0,ymer of a "o^inylidene 

said diene'isS^. ^ 2 mo -^ene compound is styrene and 30 

4. The process of claims 1, 2 or 3 wherein the modifier is fed to the omralitv of 
reactors as at least two fluid streams, a first stream being fed to me ini&l r^o? of 
the series and at least one increment stream being fed to the effluent of » ft 
feast one third of the way down said series of rfaSre an! sfd new flow^Je fS 
modifier is applicable to said increment stream. or 

prises 5 :' ^ P ™ 0e * ° f ^ 2 WherCm determ ini"g °f said vistex viscosity com- 
the entLTo°ftryct P or^ etermined ^ ° f 3 Unif0nn of a ™ ^™ 

fonn^vifex'jZionf ^ * 3 predeterraiaed ^ «* - organic solvent to 

55 said an^iivfnf ° f «*« measured flow times for 

ProUT 10 W teiDg rCpeatedly anW °« » a — da -e with a predetermined 55 
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6. A process according to. claim ]. substantially as hereinbefore described with 
reference to the accompanying drawings. 

7. A polymer prepared by a process according to any preceding claim. 



For the Applicants: 
GILL, JENNINGS & EVERY, 
Chartered Patent Agents, 
53/64 Chancery Lane, 
London, WC2A 1HN. 
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